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El comportamiento genetic0 de 10s cromosomas heterom6rficos 
hom6logos de Circotettix (Ort6pteros). 

Circotettix verruculatus posee tres pares de cromosomas 
claramente diferenciables, y cuyos miembros pueden ser telo- 
miticos o atelomiticos. Un anhlisis citol6gico de cuarenta 
machos salvajes ha susministrado la frecuencia relativa de la 
aparici6n de 10s dos tipos de cromosomas homblogos para cada 
uno de 10s tres pares. En 28 descendientes machos procedentes 
de cinco cruzamientos, en 10s cuales se conocian 10s complejos 
cromosbmicos de 10s padres, se presentan 56 homblogos (2 x 28) 
para cada uno de 10s tres pares, o sea un total de 168 hom6logos 
(3 x 56) en todos ellos, que podrian haber variado. Han debido 
tener lugar 22 cambios morfol6gicos en dicho nsmero de hom6- 
logos si existe una reorganizaci6n durante la ontogenia que 
repita las condiciones de la especie. 

Por el contrario, ni uno solo de 10s descendientes difiere en su 
constituci6n cromos6mica mAs all& de 10s limites que deben 
anticiparse a1 existir una combinaci6n de 10s gametos de sus 
padres. Las razones de combinaci6n de 10s dos tipos de hom6- 
logos en cada unode 10s tres pares son las que resultarian de la 
uni6n a1 azar de 10s gametos de 10s padres. De este modo, 
mediante identificacih actual de 10s hom6logos de' un par dado 
de cromosomas desde 10s padres a 10s descendientes y con la 
determinaci6n de sus relaciones de recombinacion, el paralelismo 
entre el comportamiento de 10s cromosomas y 10s fen6menos 
mendelianos es completo. 

Translation by Jose F. Nonidez 
Cornell Medical College, New York 
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I. INTRODUCTION 

“Science begins with naive, often mystic conceptions of its 
problems. It reaches its goal whenever it can replace its early” 
guessing by verifiable hypotheses and predictable results, Mor- 
gan (’16). The facts herein presented have been so thoroughly 
guessed as to cause almost a feeling of apology for presenting 
them. Since Mendel’s laws became generally known in 1900 so 
many points have been brought out showing that the behavior 
of the chromosomes during maturation and fertilization pro- 
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vides a mechanism for carrying these laws into effect that the 
number of scientific people who question the proposition that 
the chromosomes are the bearers of the hereditary factors has 
become almost negligible. 

Mendel’s first law in substance is, that of a pair of contrasting 
unit factors contributed by the male and female parents, 
respectively, one will dominate the other in the first generation, 
but that during the gametogenesis of these individuals each 
member of a pair of factors segregates into a different germ cell. 
This is known as the law of segregation. 

Mendel’s second law is that when a number of pairs of 
unit factors are present the pairs assort independently of each 
other. That is, while the first law describes the behavior of the 
individuals of a pair, the second applies to the relation of the 
pairs to each other. This is sometimes called the law of inde- 
pendent assortment of different pairs of unit factors. 

Mendel, of course, was dealing with unit characters from a 
purely genetical standpoint. Shortly afterwards, the work of the 
early cytologists led to the Roux-Weismann theory of heredity, 
which recognizes the chromosomes as the bearers of the heredi- 
tary factors. Van Beneden in 1883 reported that egg and sperm 
contribute equal amounts of chromatin to the new individual 
in Ascaris megalocephala. Sutton in 1902 first clearly showed 
that the chromosomes occur in a duplex size series and pointed 
out that the behavior of the chromosomes during maturation 
and fertilization is such as would be necessary for carrying out 
the laws of heredity discovered by Mendel.’ 

For a demonstration, however, two things were necessary: 
First, to find some species in which homologous chromosomes 
(those which unite in synapsis) differ from each other and from 
the remainder of the complex in such a way that they can be 
certainly identified. Second, to be able to breed the organisms 
freely in captivity in order that the behavior of the unlike homo- 
logues might be studied in both parents and offspring. 

1 This paper is intended t o  be taken in connection with the one published in 
For this reason i t  is 1917, deciding as i t  does questions left open at that time. 

not as complete in itself as it might otherwise be desirable t o  make it. 



GENETICS O F  HETEROMORPHIC CHROMOSOMES 459 

The first of these conditions has already been satisfactorily 
met; in a former paper (Carothers, '17), based on a study of the 
germ cells of several species of a certain group of short-horned 
grasshoppers, the following facts were established : 

1. Given tetrads (seven out of eleven in Trinierotropis fallax) 
may be composed of morphologically dissimilar homologues. 

2. When heteromorphic, the members of these pairs segregate 
during the first maturation division. This behavior parallels that 
of unit characters as established by Mendel's first law. . 

3. The homologues of three of these pairs were traced and 
found to segregate at random in regard to the accessory chromo- 
some and consequently in relation to each other, and presumably 
to the members of other pairs, thus furnishing a physical mechan- 
ism such as would be necessary for the carrying out of Mendel's 
second law. 
4. The chromosomal constitution of approximately one hun- 

dred wild individuals was such as would be expected from a free 
union of gametes bearing these morphologically unlike homo- 
logues. 

The logical conclusion was that here, with almost diagram- 
matical clearness, we could trace the segregation of given homo- 
logues to the gametes and their recombination in the zygotes. 

At the same time, however, the alternative possibility was 
pointed out that in these species there might be a reorganization 
at the time of fertilization which would result in a shift in point of 
fiber attachment and a corresponding change in the morphology 
of the chromosomes, such that the offspring of a single pair 
would tendto give the range of variation of the species instead 
of the range possible from a combination of the gametes of their 
parents. The possibility that there might be a reorganization 
was rendered more probable since at about the same time McClung 
('17) encountered relations between the octad and hexad multiples 
of Hesperotettix viridis which seemed to indicate a reorganiza- 
tion of the chromosomal combination involved in the multiples 
at the time of fertilization. The two cases, as Dr. McClung 
pointed out, are not exactly comparable, since in H. viridis non- 
homologous chromosomes are involved and the mechanism may 
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very well be different. The solution in both instances could only 
be obtained by a comparative analysis of the chromosomal con- 
stitution of given pairs of grasshoppers and of their offspring. In 
any case, in order to complete the parallelism between the be- 
havior of the chromosomes and Mendelian phenomena, it was 
necessary to trace the behavior of the heteromorphic chromo- 
somes from parents to offspring. 

11. MATERIAL AND METHODS 

Since all of the species used in my 1917 work occur only in the 
western half of the United States, the hope was then expressed 
that Circotettix verruculatus, whose range extends to the eastern 
part of the country, might be equally favorable. This expecta- 
tion was justified, and combined cytological and genetical work 
was undertaken on this species. The stock was obtained from 
near Manchester, New Hampshire, July 29, 1918. Collecting 
during the last week of July, one obtains both adults and nymphs.2 

It is necessary to obtain the females as nymphs to insure their 
being virgin. Males and females were kept in separate cages 
until about September 1, when individual matings were made 
up. After eggs had been laid both parents were killed and the 
gonads fixed; the testes in strong Flemming, the ovaries in picro- 
formol-ace tic. 

Of eighteen matings, one or the other of the parents died in 
six, and these cages were discarded; four of the twelve remaining 
cages contained no eggs, due perhaps to the exhaustion of the 
ovaries of the females before the matings were made up (some of 
the females had laid at least ten days previously). The remain- 
ing eight matings gave 138 offspring. Fifty-one was the largest 
number obtained from one pair. Eggs from three pods hatched 
from this mating. 

Twenty-eight male offspring from five of the matings have 
been studied cytologically, and it is believed that they furnish 
sufficient evidence as to the point under consideration. 

It is intended t o  give details of the rearing and postembryonic development 
of C. verruculatus in a separate paper. 
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111. OBSERVATIONS 

The principal object of this paper is not to trace the spermato- 
genesis of Circotettix verruculatus, but to show as graphically 
as possible the genetic relationship of the chromosomes of the 
male and female involved in particular matings to those of their 
offspring. The plates accordingly are made up with the first 
spermatocyte chromosomes used as the standard, the sperma- 
togonial complex and the somatic complexes of the females being 
rearranged so that supposedly homologous chromosomes3 fall in 
vertical rows. A general knowledge, however, of the range of 
chromosomal conditions which, from the frequency of their 
occurrence in wild individuals, may be considered normal for 
the species is essential to a proper study of the specific matings. 
The following description based on a study of sixty-eight wild 
individuals is typical for members of the species from two local- 
ities, Manchester, New Hampshire, and Pigeon Cove, Massa- 
chusetts. 

1. Description of general chromosomal conditions in the species 
a. Typical conditions. C. verruculatus, like all of the species 

of the genus so far studied (unless Trimerotropis suffusa Scudd, 
be considered a Circottettix), has normally twenty-one chromo- 
somes in the spermatogonia instead of twenty-three, the basic 
number in the short-horned grasshoppers. The spermatogonial 
complex (pl. 1, row 2) has constantly nine large atelomitic 
chromosomes (those with non-terminal fiber attachment) (nos. 6, 
9, 10, 11, 12) and six telomitics (those with terminal fiber attach- 
ment) (nos. 2, 4, 5 ) .  The remaining six (nos. 1, 7, 8) may be 
individually of either type, but any given form is constant for a 
particular specimen. The diploid complex of the female is 
similar except for the <presence of one additional accessory, giving 
constantly at  least ten large atelomitics (pl. 1, row 3, nos. 6, 9, 

3 Size, morphology, and comparison with the component members of the 
tetrads have been the criteria used for determining homologues in the diploid 
complexes. In regard to the critical pairs numbers 1, 7 and 8, there can be no 
reasonable doubt since they are easily identified. For most of the other pairs 
the arrangement is only approximately correct both as regards the selection of 
homologues and the arrangement in the size series. 
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10, 11, 12). Passing to the first spermatocytes, the largest four 
chromosomes (pl. 1, row 1, nos. 9, 10, 11, 12) and the accessory 
(no. 6) are constantly atelomitic. Numbers 2, 4, and 5 are con- 
stantly telomitic, while numbers 1, 7, and 8 may vary from 
specimen to specimen. 

Since heteromorphism is confined to these three pairs, they 
are the ones whose behavior in heredity is to be followed. For- 
tunately, they are clearly distinguishable from each other. 
Number 1 and number 2 are practically alike in size, but num- 
ber 2 is always telomitic. Number 1, then, is the only small 
chromosome which may be hetermorphic or atelomitic (pl. 1, 
column 1). Again, number 7 and number 8 are practically in- 
distinguishable in regard to size, but when atelomitic, number 7 
has subterminal fiber attachment (pl. 1, column 7) while number 
8 when atelomitic has nearly median attachment (pl. 3, column 
8). In  case number 8 is atelomitic, it has not been distinguish- 
ed from number 9, but the essential fact that each is atelomitic 
is easily demonstrated. 

b. Methods of transformation of chromosome number 7;  E-shaped 
tetrads. As just mentioned, chromosome number 7 when atelo- 
mitic has subterminal fiber attachment. There are apparent 
exceptions, however, which for a time caused confusion. In prac- 
tically every individual there are a few instances of this tetrad 
opening out in such a manner that the long instead of the short 
arms are free. For examples, see chromosome number 7, plate 
2, row 12, and plate 5, row 33. In the latter instance it is espe- 
cially easy to grasp the situation by comparison with the cor- 
responding chromosome in the row above, where, if we imagine 
the free ends brought into contact, the two conditions would be 
very similar. 

At first thought it may seem to some readers that the long 
free arms may be due to a shift of fiber attachment. Such a 
condition is carried in one of the families to be taken up later; 
e.g., the male used in mating number 14 (pl. 3, row 15) carries one 
homologue of this seventh pair which has a third position for 
fiber insertion so that when opening out in the usual way this 
free end is about twice as long as the type form. Furthermore, 
this pair also opens out either way, giving figures such as that 
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seen in text figure A where the longer arms of both homologues 
are free. This is one of the clearest instances with which I am 
familiar where either the long or short ends of a given atelomitic 
tetrad become free. Wenrich ('17, p. 488) has noted and dis- 
cussed variation in method of transformation of certain tetrads 
in another species. I can only agree with his conclusion that 
chromatid movements cease at  a certain stage of the prophase 
and are not resumed until the metaphase. The movements of 
the chromatids during the early prophase have considerable 
range of variation, consequently any particular tetrad may enter 
the metaphase in a number of forms as will be evident to any one 
who cares to examine critically the four largest tetrads in the 
appended plates. While any two of these chromosomes might 

1 2 3 4  5 6  

Text fig. A Drawings of tetrad no. 7, showing the various forms in which 
it has been found. 1 and 2, the typical short- 
armed form which occasionally opens in the same specimen with the long arms 
free; 3 and 4, shows the same condition in an individ-ual in which there has been 
a secondary shift of point of fiber attachment on one homologue; 5 ,  very rare 
telomitic form; 6, heteromorphic form. 

Four individuals represented. 

be interchanged in their position in the size series, none of these 
four would be confused with the other chromosomes of the com- 
plex, except with number 8 in the two individuals where it is atelo- 
mitic (rows 18 and 24). In the complexes represented in rows 
12 and 17 all four are axial rings which are very similar in appear- 
ance, whereas the same four chromosomes occur in a variety of 
forms throughout the plates. 

We will consider only one modification-the E-shaped tetrads. 
Those familiar with first spermatocyte prophase conditions know 
that the larger chromosomes usually form double or triple rings at 
this stage, each successive loop being at a right angle to the pre- 
ceding one (Sutton, '02). Such tetrads frequently enter the 
metaphase in corresponding forms with rings at  angles to each 
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other like those represented in column 12, rows 7, 24, 26, and 28, 
There seems, however, to be a tendency for the small ring of 
such figures of 8 to rotate 180" so that it comes to lie within the 
larger ring which a t  the same time rotates resulting in a form 
such as that represented by chromsome 10, row 15. Obviously, 
the ends of the smaller inner ring would separate early in the 
ensuing division resulting in E forms like those represented in 
column 12, rows 4 and 21. Those interested will find .other 
transition forms shown in the plates. 

c. An octad multiple. When the first two species of Cir- 
cotettix studied showed twenty-one chromosomes in the sperma- 
togonia and eleven in the first spermatocytes, it was at  once sur- 
mised that one of the four largest first spermatocyte chromosomes 
is an octad. This assumption has been verified by the breaking 
down of the octad into its component tetrads in a few cells of one 
of the male offspring of mating number 5. Rows 13 and 14 repre- 
sent two complexes from this individual. In the latter of these 
two cells there are twelve chromosomes, eleven tetrads and the 
accessory. There are three instead of the usual four large atelo- 
mitics. The place of the missing atelomitic (column 11) is occu- 
pied by a telomitic tetrad which would come about sevent,h in 
the size series as arranged, while the other member of this poten- 
tial octad combination appears as the lacking number 3. 

It was the conviction that one of the small pairs of chromo- 
somes, either number 2 or number 3, had entered into a multiple 
formation with one of the pairs of intermediate size rather than 
that this chromatin had been lost to the complex in the genus 
Circotettix which caused me to leave ('17) a blank column in 
the plate showing a serial arrangement of the chromosomes of 
another species of this genus. 

Row 13 represents another complex from the same individual. 
The octad here is only partially broken down at one end (column 
11). A similar condition is shown in row 18, column 11. The 
resemblance of this figure to the octad multiples of Hesperotettix 
viridis is striking, as may be seen by comparison with the photo- 
micrographs by McClung ('17), plate 8, figures Q to T. 
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- 
1 
7 
8 

Circotettix verruculatus, then, does not constitute an excep- 
tion, so far as number of chromosomes is concerned (when the 
total number of chromatids in the complex is taken into con- 
sideration), to the typical conditions in the Acrididae. And 
since the complex is essentially similar in the several species of 
Circotettix, so far studied, it seems sa.fe to extend this conclusion 
to the genus. 

d.  Differential frequency of the atelomitic condition of the three 
critical pairs. In order to  determine whether the offspring of a 
particular mating were giving the range of chromosomal varia- 
tion of the species, or that to be expected from a union of the 
gametes of their parents, it was necessary to find approximately 
the normal frequency of any given condition for each member 
of the three pairs numbered 1, 7, and 8. 

A study of forty wild males showed that tetrad number 1 
was telomitic in thirty-two individuals, atelomitic in two, and 
het,eromorphic in six-a ratio of 70 telomitic to 10 atelomitic 
homologues. Tetrad number 8 paralleled this condition closely, 
since in thirty-three animals it was telomitic, in one atelomitic, 
and in six heteromorphic, giving the ratio 72 telomitic to 8 
atelomitic dyads. Tetrad number 7 ,  on the other hand, prac- 
tically reversed conditions, since in thirty-one animals it was 
atelomitic, in one telomitic, and in eight hetermorphic-a ratio 
of 70 atelomitic to 10 telomitic dyads. The situation is sum- 

Telomitic Heteromorphic 

32 6 
1 8 

33 6 

66 20 

marized in table below. 

I TETRADS 

Ate!omitic 

2 
31 
1 

34 

Telomitic 

70 
10 
72 

152 

DYADS 

Atelomitic 

10 
70 
8 

88 

Ratio 

7: 1 
1:7 
9:l 

1.7:l 

Comparision of the ratio of the sum of the telomitic to the atelo- 
mitic dyads of the three pairs which is roughly two to one with 
that of the individual pairs shows clearly the necessity of dealing 
with each pair separately. 
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2. Description of chromosomal complexes involved in speciJic 
matings 

An analysis of the male progeny only has been made because 
the evidence which they furnish is believed to be sufficient and 
it is free from any uncertainty in identifying homologues, since 
the figures represent first spermatocytes with the pairs synapsed. 
Two matings, each with a single male offspring, are shown 
on plate 1 because both of these matings involved the rather 
rare condition of atelomitic homologues in pair number 1. Text 
figure B gives the form of each of the three pairs of chromosomes 
under consideration in both parents and progeny of all of the 
matings. 

a. Mating number 2 (pl .  1 ,  rows 1 and 2 9 parent, row 3 0 
parent, row 4 3 ogspring). The chromosomal complexes involved 
ni this mating are shown in horizontal rows 1 to 4. The first two 
rows represent, respectively, first spermatocyte and spermato- 
gonial complexes. The latter is given chiefly to enable the 
reader to make a more direct comparison with the diploid 
complex of the female (row 3). The most striking difference 
between these two complexes appears in column 6, the presence 
of two accessories in the female complex and one in the male. 
Row 4 represents a first spermatocyte complex of one of their 
offspring. 

Taking up the three critics1 pairs numbers 1, 7, 8, we see: 1) 
that number 1 is heteromorphic in the male and telomitic in 
the female. If, then, the point of fiber attachment remains 
constant from parent to offspring, the chances are equal for 
this chromosome to be either heteromorphic or telomitic in the 
progeny, while an atelomitic pair would be impossible. In the 
one male offspring from this cross both homologues were telomitic. 
2) Chromosome number 7 was atelomitic in the male and 
heteromorphic in the female. The chances were, therefore, one 
to one of its being either atelomitic or heteromorphic in a given 
offspring. In the one male obtained it was heteromorphic. A 
further point which may be mentioned here is that the telo- 
mitic homologue, which on the assumption above mentioned is 
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Text fig. B A condensed arrangcment showing the morphology of the three 
critical pairs of chromosomes in the parents of each of the five matings and in 
their male offspring with the number of individuals in each class. The chromo- 
somes of the male are presented on the left; those of the female on the right. In 
mating no. 17, where the form of the chromosomes of the female can only be 
hypothecated, they are represented in outline. 

467 
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derived from the mother, shows a constriction near the end to 
which the fiber attaches in both parent and offspring. This is 
a condition which I have noted before ('17) as running through 
the complexes of given individuals. The only objection to the 
use of this characteristic as a tag is that it is not always apparent 
in individuals where it potentially exists. 3) Chromosome num- 
ber 8 was telomitic in both parents and in the offspring. 

b. Mating number 13 (pl .  1 ,  row 6 3 parent, row 6 9 parent, row 
7 3 oj'spring). The chief interest in this mating as already 
stated lies in chromosome number 1. In the father both homo- 
logues are atelomitic, in the mother telomitic, so that the off- 
spring would be expected to be heteromorphic, if there is no re- 
organization. That such is the case may be seen in row 7 .  
Chromosome number 7 is atelomitic in both parents and offspring 
and chromosome number 8 is telomitic in all three. 

c. Mating number 5 (pl .  2, row 8 8 parent, row 9 9 parent, 
rows 10-14 3 progeny). Seven male offspring were studied. All 
had similar chromosomal constitutions. First spermatocyte com- 
plexes of five of these are shown on the plate. Both parents 
have the three pairs of chromosomes under consideration in the 
condition in which they most frequently recur in the species, 
but if the chromosomes of their progeny vary according to their 
range in the species the other conditions might appear, e.g., 
chromosome number 1, which is telomitic in the par'ents, ought, 
if its telomitic and atelomitic phases follow their frequency of 
occurrence in the species, to have given two atelomitic dyads 
among the fourteen contained in these seven individuals, since 
we have seen that the ratio among the wild individuals is 1 to 7 .  
Likewise, one out of every nine homologues of pair number 8 
should have been atelomitic and one out of seven dyads of pair 
number 7 should have been telomitic. In no cases was there 
a change from the type of chromosome transmitted by the 
parents. To be sure, the number of individuals is small, but 
when we consider that the expectations would have been about 
two variations for each of the three pairs or six chances the 
evidence decidedly favors the alternative hypothesis of constancy 
of form. (As has been mentioned before, chromosome 7, row 
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12, has opened with the long instead of the short arms free, 
but this is a different type of. phenomenon.) 

d. Mating number I4 (pls. 3 and 4, row 15 8 parent, row 16 
9 parent, rows 17-28 C? oflspring). Thisis the most interesting 

mating obtained so far, on account of one homologue of the 
seventh pair in the father having a nearly median fiber attach- 
ment, so that one free arm is about twice as long as the other 
when the tetrad opens in the more usual manner. This condi- 
tion is constant in the male parent. The other homologue of 
this pair has the usual short free arm, so that the combination 
is heteromorphic and atelomitic. In the mother the correspond- 
ing pair is also heteromorphic; one member being telomitic, the 
other atelomitic, so that four combinations are possible in the 
offspring (text fig. B). Theoretically, these should occur in 
equal numbers; for the twelve male offspring we should expect 
a 3:3 : 3:3 ratio, actually it was 2:3 : 5:2, but when we take 
into account that these are the recombinations in the tetrads of 
such a small number of individuals, the result is as close as can 
reasonably be expected. A more direct comparision is between 
the number of homologues of each of the three types expected 
and the number actually obtained. Since the father contributes 
one long-armed atelomitic and the mother one telomitic, while 
both parents contribute a short-armed atelomitic, we should 
expect a ratio of 6:6: 12. The actual ratio is 5:4: 15. 

Chromosome pair number 8 is also heteromorphic in both 
parents. One would therefore expect twelve of each of the two 
types of homologues. The numbers obtained are ten atelomitic 
to fourteen telomitic. The combinations in the tetrads where 
one would expect 3 : 6 : 3 are 2 : 6 : 4. 

Pair number 1 is telomitic in both parents and in all of the off- 
spring studied. Had the two types of homologues of this pair 
followed their respective frequency of occurrence in the species, 
four homologues should have shifted to the atelomitic condition. 

e. Mating number 17 (pl. 6, row 2$ 8 parent, rows 30-35 8 
o$spring). The female used in this cross died, hence knowledge 
of her complex was not obtained, but if we accept the foregoing 
evidence that the architecture of the chromosomes is transmitted 

JOURNAL OW MORPHOLOQY, VOL. 35, NO. 2 
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unaltered from parent to offspring it is easily seen by comparing 
the complexes of the seven sons with each other and with that 
of the father that pair number 7 was atelomitic in the mother, 
pair number 8 was telomitic and pair number 1, which is hetero- 
morphic in the father and also in three of the sons and telo- 
mitic in four, must have been telomitic in the mother. 

DISCUSSION 

Since the rediscovery of Mendel's laws, cytologists have accu- 
mulated a mass of evidence demonstrating the parallelism 
between the behavior of the chromosomes and the physical 
mechanism necessary for carrying into effect the known laws of 
heredity. The existence of the chromosomes in a duplex size 
series, the union of the members of a pair at synapsis, and their 
separation during one of the maturation divisions are about as 
clear evidence as could be expected. 

The writer in 1913 was the first to report the occurrence of 
homologous chromosomes within a species which could be identi- 
fied one from the other, owing to a size difference, and to show 
that the members of this pair segregate freely in relation to the 
accessory. Wenrich ('14), Vo'inov ('14 a), and Robertson ('15) 
reported similar conditions in other Orthoptera. All of these 
works, however, dealt with the distribution of a single pair of 
homologues in regard to sex, since the accessory in these forms 
marks the male-producing from the female-producing sperma- 
tozoon by passing undivided to one pole a t  the first maturation 
division. In my work on Trimerotropis, summarized at the 
beginning of this paper, the same principle of random segrega- 
tion was shown to apply to three of the eleven euchromosome 
pairs. Mr. Robert L. King, working in our laboratory on a still 
more favorable species, has been able to extend these observa- 
tions considerably further. 

Since the form of a given homologue is constant for the indi- 
vidual, the segregation of the homologues of a particular tetrad 
and the independent assortment of homologues from several 
different tetrads was clearly established by the intensive study 
of chosen individuals. The points which remained to be deter- 
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mined were: whether or not the morphological constitution of 
the chromosomes is transmitted from parent to offspring, and, if 
so, whether their recombinations in the progeny are according to 
the laws of chance. 

Among these twenty-eight male offspring of five crosses there 
are fifty-six homologues (2 x 28) for each of the three pairs of 
chromosomes (nos. 1, 7 ,  8) or a total of one hundred and sixty- 
eight hornologues (3 x 56) in all, which might have varied at 
the ratio found in the wild individuals of one atelomitic to seven 
telomitics for pair 1; one atelomitic to nine telomitics for pair 
8, and of one telomitic to seven atelomitics in pair 7 .  One 
would expect twenty-two shifts of fiber attachment in such a 
number of homologues if there is a reorganization during ontog- 
eny which repeats the conditions in the species. On the con- 
trary, not a single offspring varied in its chromosomal constitu- 
tion beyond the limits to be expected from a combination of 
the gametes of its parents. In other words, any given chromo- 
some reappeared in the progeny in the same form that it pos- 
sessed when it went into the parental gamete. This is shown 
more clearly by comparing families which carry atelomitic 
number 1’s with those where the number 1’s are telomitic. In 
the former (matings 2, 13, 17, text fig. B) there are fourteen 
telomitics to four atelomitics (ratio 7 to 2) in the latter (mat- 
ings 5 and 14, text fig. 2) there are thirty-eight telomitics to 
no atelomitics. 

The same thing is shown by pair number 8; in four families 
(numbers 2, 13, 5, 17) involving sixteen offspring, the thirty- 
two homologues are all telomitic; whereas among the twenty- 
four homologues of this pair in family number 14, where both 
parents are heteromorphic in this respect, ten are atelomitic 
and fourteen telomitic. 

These data I believe are sufficient to establish the constancy 
of point of fiber attachment from parent to offspring for this 
group, and to lay the basis for further work on the assumption 
that structural variations in the chromosomes are correlated 
with somatic characters in such way that it will be possible to 
tell what th,e chromosomal constitution of a wild individual is 
in regard to a given pair from an external study of the animal. 
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At all events, in Circotettix verruculatus, we can say in regard 
to the chromosomes which enter the gametes, just as certainly 
as of a pair of contrasting unit characters which segregate in the 
F, generation, that this one was contributed by the father, that 
one by the mother. 

In genetical work, unless there is sex-linkage or, as in the case 
of Nabour’s Paratettix, (’14, ’17) incomplete dominance, the FB 
generation must be obtained before an analysis of the gametes 
of the grandparents can be made. In this work a cytological 
analysis is made of the chromosomal complexes of both parents, 
so that we have definite knowledge of what goes into the F, 
generation. Since there is no reorganization, an analysis of 
the chromosomal complexes of the Fl generation gives us a t  
once what in genetical studies becomes evident only on a study 
of the progeny produced by the union of these gametes. In 
other words, the chromosomal characters dealt with are natu- 
rally studied in the germ cells, and it is obvious that the gametes 
of the F1 generation would, on fertilization, become the Fz 
zygotes, So that, while one would have to wait for the F2 
individuals to analyze somatic characters, the corresponding 
analysis of the chromosomes is made on the maturing gametes, 

Thus, with an actual identification of the homologues of given 
pairs of chromosomes from parents to offspring and with a deter- 
mination of their ratios of recombination, the parallelism between 
the behavior of the chromosomes and Mendelian phenomena is 
complete.4 So able a student of heredity and environment as 

4 Judging from a recent paper by Dr. Harmon (’20), based on Dr. Nabour’s 
pedigreed Paratettix, this form may be favorable for a similar line of investiga- 
tion. She reports that the type BB has the ends of the third pair of chromosomes 
hook-shaped and the type CC has this pair rod-shaped, while BC, the hybrid, 
has one chromosome of each sort. 

There are two obvious weaknesses in her report. There is no statement as 
to whether father and sons were examined or whether examples of the general 
population were taken. Nor are there any data as to the number of individuals 
of the various types studied. 

In any event, it  is not shown that there is a correlation between the color 
pattern and the morphology of this chromosome pair; such a relationship would 
be suggested if in the F, BB and hook-shaped number 3’s and CC and rod-shaped 
number 3’s segregated together. 



GENETICS O F  HETEROMORPHIC CHROMOSOMES 473 

E. G. Conklin (’20) closes a recent article on the mechanism of 
evolution with the following sentence: “We may therefore con- 
clude that the Mendelian law of heredity, especially as regards 
segregation of inheritance factors is of universal occurrence- 
that there is no other type of inheritance.’’ 
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EXPLANATION OF PLATES 

The complexes were drawn with the aid of a camera lucida a t  a magnification 
of 2400 diameters. In  the reproductions they appear a t  1600 diameters. The 
chromosomes were rearranged for the plates roughly according to size by tracing 
from the original drawings. 

The haploid complexes are from side views; the diploid complexes from polar 
views. Each horizontal row represents the chromosomes of one cell, each ver- 
tical row corresponding chromosomes from different cells. The arrangement is 
such that the accessory, no. 6, is always passing to  the upper pole. 

Column 3 is Ieft vacant since the member which belongs here is uhited with 
one of the others t o  form an octad. 

PLATE 1 

EXPLANATION OF FIGURES 

1 to  4 Complexes involved in mating no. 2. 
1 First spermatocyte complex of father; pair no. 6 atelomitic, pairno. 1 hetero- 

morphic. 
2 Spermatogonial complex of father. 
3 Somatic complex of mother; pair no. 6 heteromorphic, pair no. 1 telomitic. 
4 First spermatocyte complex of a son; pair no. 6 heteromorphic, pair no. 1 

5 to 7 Complexes involved in mating no. 13. 
5 First spermatocyte complex of father; pair no. 1 atelomitic. 
6 Somatic complex of mother; pair no. 1 telomitic. 
7 First spermatocyte complex of a son; pair no. 1 heteromorphic. 

telomitic. 
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PLATE 2 

EXPLANATION OF FIGURES 

8 t o  14 Complexes involved in mating number 5. 
8 First spermatocyte complex of father. 
9 Somatic complex of mother; complex in two sections, two chromosomes 

cut (columns 10 and 11). 
10 to 14 First spermatocyte complexes of four sons, 13 and 14 are complexes 

from the same individual; in 13 the octad multiple (no. 11) i s  partially disasso- 
ciated at one end, in 14 i t  is completely disassociated, the component tetrads 
being shown as no. 3 and no. 11. Note that  the three tetrads nos. 1, 7 and 8 
are of similar form in both parents and that  theie is no variation from the par- 
ental forms of these chromosomes in the offspring. Tetrad no. 7, row 12, had 
opened with the long instead of the short arms free. 
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PLATES 3 AND 4 

EXPLANATION OF FIGURES 

15 to 28 Complexes involved in mating no. 14, 
15 First spermatocyte of father; tetrad no. 7 is a heteromorphic,atelomitic. 
16 Somatic complex of mother; pairs no. 7 and no. 8 heteromorphic. 
17 to  28 First spermatocyte complexes of .twelve sons; tetrads no. 7 and no. 

8 show the various combinations in different individuals t o  be expected from a 
free union of the gametes of the parents. 
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PLATE 4 
See description of preceding plate 
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PLATE 5 

EXPLANATION OF FIGURES 

29 to 35 Complexes involved in mating no. 17. 
29 First spermatocyte complex of father. 
30 to 35 First spermatocyte complexes of five sons; pair no. 1 must have 

been telomitic in the mother t o  give these results. 
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